Introduction
In 1989, K ato et al. advanced the concept of Hbonded liquid crystalline m aterials [1] . In recent years such studies have revived [2 -6 ] , as hydrogen bonding, is one of the key interactions producing mesogenic properties [7] [8] [9] [10] . G enerally, in liquid crystalline system s a hom ogeneous nucleation process occurs, follow ed by the sporadic growth of small crystal do m ains. B ut in H -bond liquid crystalline system s a dif ferent m echanism due to non-covalent interactions is reported [11] . In order to understand such a m echa nism , this com m unication deals with the m esom orphic properties and crystallization kinetics of low molar m ass system s, using 2,5-di substituted pyridine as hy drogen bonding acceptor.
Experimental

M aterials and M ethods
p-n-alkoxybenzoic acids (Frinton Laboratories, USA), 2-am ino-5-chloro-pyridine (Aldrich), 1-bromo heptane (Aldrich), and p-hydroxy benzaldehyde (Al drich) were used w ithout further purification. All the other chem icals and solvents were of Analar grade. p-n-heptyloxybenzaldehyde was synthesized as report ed in [1 2 ].
The IR spectra w ere recorded on a Perkin-Elm er FT-IR (BX series) spectrometer. The liquid crystalline phases and the corresponding transition temperatures were studied by observing the characteristic textures through an Olympus polarizing m icroscope equipped with a PC based Instec m k l tem perature controller. The enthalpy changes during the phase transitions were de term ined by a M ettler-Toledo DSC supplem ented with an FP-90 central processor. The investigations on crys tallization kinetics were perform ed on a Perkin-Elm er DSC7. The procedure for DSC scans perform ed at dif ferent crystallization tem peratures is reported in [13] .
2-(p-n-heptyloxybenzylidene im ino)-5-chloro-pyridine (HICP)
2-(p-«-heptyloxybenzylidene imino)-5-chloro-pyridine (HICP) was prepared [14] by a condensation reac tion between the ethanolic solutions ( 2 0 ml) o f p-n-heptyloxybenzaldehyde (3.3 ml/15 mmol) and 2-amino-5-chloro pyridine (1.3 gm/15 mmol) in presence of one or two drops of glacial acetic acid. The white crystalline product obtained on cooling the m ixture was recrystal lised from a hot methanol solution to get a yield of 3.15 g (63.4%).
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2-(p-n-hept)'loxybenzylidene imino)-5-chloropyridine:p-n-alkoxybenzoic acid; (HICP. nABA)
The interm olecular H-bonding complexes of HICP: nABA were synthesized by refluxing equimolar amounts of 2-(p-n-heptyloxybenzylidene imino)-5-chloro-pyridine (2 . 6 g/8 mmol) and p-rc-alkoxybenzoic acids ( 8 mmol) in 2 0 ml of pyridine with constant stir ring at 80 °C for ~ 2 h. The excess pyridine was then re moved by distillation under reduced pressure. The white crystalline products, obtained after removing the excess pyridine by vacuum distillation, were dried over CaCl2 for ~ 24 h. The crude products were recrystallised from hot dichlorom ethane solutions to get a yield of 8 6 %. The general m olecular form ula of the present series of complexes is given in Figure 1 .
Results and Discussion
The nujol mull spectrum of the free-H IC P moiety ex hibits an intense band at ~ 1600 cm -1 due to v(C = 0 ) mode, and two medium intense bands at 669 and 639 cm -1 assigned to pyridine ring deform ation modes. However, the infrared frequencies of H ICP:nABA show a sharp band at ~ 1680 cm-1 due to the v(C = 0 ) mode of the benzoic acid moiety, which suggests the m ono meric nature upon complexation. W hen com pared with the free-ABA spectra, the HICP:nAB A com plexes show bathochromic shifts (~ 30 cm-1) in the v(C = 0 ) mode of the acid, and hypsochromic shifts (~ 50 cm-1) in the pyridine ring deformation modes of H ICP moiety. This strongly suggests the formation of interm olecular hy drogen bonding between the COOH group of ABA and the pyridine ring nitrogen of HICP. M oreover, the band associated with the v(OH) mode of the carboxylic acid group suffered a hypsochromic shift upon com plexa tion, which strongly supports the existence of H -bond ing. The presence of intermolecular H -bonding is fur ther invoked by the appearance of a new band with medium intensity at -2 9 2 0 cm-1, diagnostic of the v(H -N) mode [15, 16] in all com pounds of the present series.
The degree of stabilization of interm olecular hydro gen bonding was further studied by recording the spec tra of the complexes in chloroform solution. The spec tra show the reappearance of the doubling nature in the stretching modes of free p-«-alkoxybenzoic acids and the deformation modes of the free-pyridine ring moiety. This, however, clearly implies the destruction of inter molecular H-bonding in the solution state.
IR Spectra
The IR spectra of p-n-alkoxybenzoic acids were re corded at room tem perature in both the solid (nujol mull) and solution (chloroform ) states. The spectra of free p-rc-alkoxybenzoic acids showed two sharp bands at 1685 and 1695 cm -1 due to the v(C = 0 ) mode, and a strong band at 3032 cm-1 , assigned to the v(OH) mode of the carboxylic acid group [15] . This doubling of the carbonyl stretching mode may be attributed to the dimeric nature of ABA at room tem perature. H ow ever, the corresponding spectra recorded in solution (chloroform ) show a strong band at 1712 cm -1 , sug gesting the stabilization of the m onom eric form of ben zoic acid in solution. To avoid further com plications due to such interm olecular interactions, the spectra of com plexes were com pared with the solution state spec tra of free-ABA.
Thermal and Phase Behaviour
The phase variants and transition tem peratures of free p-n-alkoxybenzoic acids (nABA ) and the co rre sponding series of interm olecular hydrogen bonded com plexes are determ ined from the characteristic [17] textural observations using a polarizing m icroscope at a scan rate of 0.1 °C per minute. T he tem peratures of the corresponding phase transitions and their heats of transition (in joules per gram) were further m easured using differential scanning calorim etry (DSC) at a scan rate of 5°C per minute. The transition tem pera tures from thermal microscopy (TM ) and DSC along with the enthalpy values for the present series of com plexes are given in Table 1 . Results pertaining to the phase behaviour of the H -bonded com plexes in con junction with free p-n-alkoxy benzoic acids are dis cussed below. hexyl-, heptyl-, octyl-, nonyl-, decyl-, and dodecyl-, re- M icroscopic observations reveal that the lower homologues (n = 3 to 6 ) p-n-alkoxybenzoic acids exhibit a nem atic (m arble) mesophase, and the higher members of the series a sm ectic-C (schlieren) phase [3] . The phase transition tem peratures observed through thermal m icroscopy are in reasonable agreement with the corre sponding DSC data. The general phase behaviour of nABA is depicted in Figure 2 . The therm al distribution of the smectic-C phase increases w ith sim ultaneous quenching of the nem atic phase [3, 8 ] with increase of the alkoxy carbon number of the benzoic acids.
On cooling the isotropic melt, the HICP:nABA series exhibits nematic (n = 5 to 12), smectic-C (n = 8 to 12), smectic-F (n = 12) and smectic-G (all com plexes) phas es. The formation of the nem atic phase begins with small droplets, which on further cooling leads to the for mation of a four-brush schlieren texture. The transition from the nematic to the smectic-C phase is character ized by the appearance of a tw o-brush schlieren texture. On further cooling, the com plex IX shows the appear ance of a broken focal conic fan texture, which is as signed to the transition from the smectic-C to the sm ec tic-F phase. In all com plexes of this series, form ation of the smectic-G phase is observed as a smooth m ulti coloured mosaic texture. The phase transition tem pera tures observed by thermal microscopy and from DSC data agree reasonably (Table 1) . Figure 3 summarizes the thermal and phase behavi our of the present series with respect to its analogue members of the free-nABA series. This phase diagram Carbon num ber shows a different trend in this series. The striking fea ture is the induction of tilted phases, smectic-G (in all the members) and smectic-F (carbon number =12) phases. The inducement of a new phase variant, isotrop ic to smectic-G, is observed for the complexes I and II, and a sudden appearance of the nematic phase is noticed in the complexes III to IX. For the lower homologues (n = 5 to 7), the nematic and smectic-G phases are dom inant, while the thermal ranges of the smectic-C and smectic-G phases are equally distributed among the higher homologues. Note that the complex IX exhibits a phase variant of NCFG. Note also that a maximum thermal distribution of the induced phase (Sm-G) is found in complexes that contain butyl-and octyl-car bon chains. A noteworthy feature in the phase behaviour of the higher homologues (Fig. 3) is the stabilization of the smectic-C phase. The liquid crystalline thermal range of the present series is larger than that of the freeazABA series. However, the overall transition tempera tures of the series also show an odd-even effect.
Crystallization Kinetics
2-(p-n-heptyloxybenzylidene imino)-5-chloropyridine:p-n-alkoxybenzoic acid; (HICP.nO BA)
C ry s ta lliz a tio n T em p eratu res DSC thermograms of HICP://OBA in heating and cooling cycles are summarized in Figure 4 ing scan shows three pertinent transitions at 76.0, 93.7 and 126.7°C with the corresponding enthalpies 37.8, 21.4 and 0.8 J/g, which are assigned to the transitions, crystal to melting, smectic-G to nematic, and nematic to isotropic, respectively. On cooling the sample from its isotropic melt, the compound exhibits the transi tions isotropic to nematic (124.5 °C), nematic to smectic-C (114.0°C), smectic-C to smectic-G (85.8°C) and smectic-G to crystal (44.3 °C) with the corresponding enthalpies 0.5, 0.4, 26.7 and 42.1 J/g, respectively. As borne out by the thermal range between the melting and crystal exotherms, the crystallization kinetics re lating to the transition from the smectic-G phase is se lectively performed at the crystallization temperatures, In order to show the role of the alkoxy chain length of the pyridyl moiety on the rate of crystallization we made a com parison with the reported [2 ] series o f com plexes, 2-(p-n-nonyloxybenzylidene im ino)-5-chloropyridine:p-n-alkoxybenzoic acid; (NICP.nA BA) which clearly suggested a different crystallization behaviour. At the final crystallization temperature, NICP:nABA exhibited slow crystallization within 240 min. This clearly shows the role of the alkoxy chain length of the pyridyl moiety on the crystallization behaviour.
A v ra m i P a r a m e te r s It is known that crystallization processes involving the fraction of the transformed volume, x at a tim e t, measured since the beginning of the crystallization, are described [18, 19] by the Avrami equation
where the constant b and n depend on the nucleation mechanism and the geometry of the growing dom ains, respectively, x at t is given by A H /A H 0, where A H is the melting heat measured at the time t, and A H 0 is the m ax imum value obtained from the plateau of individual master curves. If the crystallization kinetics of the corresponding smectic phases are described by the above Avrami equa tion, the data for all the crystallization tem peratures will match the equation [ 
where t* = b~Un. Further, the characteristic time t* can be experimentally determined, since at t = t*, x = 0.632. Substituting these values of t* and x in (1), the constants b and n for a specified crystallization tem perature are obtained. The T ran sfo rm ed Volum e x
In general, a phase transition from one distinct phase to another may be considered as the transformation from one completely ordered phase to another com pletely ordered phase. During such a transition, howev er, the co-existence of phases in each other's matrix may look like a disordered phase. Thus, the process of trans formation consists of the growth of one species at the expense of the other, passing through a state of maxi mum disorder. The transformation from phase I to phase II can be considered as occurring by two routes: (a) nucleation which involves a spontaneous conversion of some isolated units of phase I into phase II when it is not surrounded by II and (b) propagation step ascribed to the conversion of phase I to phase II at I-II interfac es, where the activation energy for conversion is likely to be low. Nevertheless, both these nucleation and prop agation steps are solely dependent upon nucleation and growth rates. As the phase II grows inside the matrix of phase I, the growth continues until phase-I impinges on a growth barrier like domains or free surfaces. Thus, the total rate may be written as dx/df, where x is the fraction of phase I which has transformed into phase II in the time t. At this juncture, if the nucleation and the growth rates are combined with due correction for impingement of transformed domains, the total transformed volume of a given phase will become equal to f(t).
In the present investigation the transformed volume, x at a particular crystallization time, is deduced from the experimental data of AH/AH0, ( Table 2 ). It is found that the magnitude of jt reaches unity at high crystalliza tion temperatures with a delayed crystallization time (~ 32 min).
The D im en sio n ality P ara m e ter n It is well known that the Avrami exponent n plays a crucial role in ascertaining the mode and class of rate transformations which occur when a stable low temper ature phase growth out of a mother metastable phase in the form of small domains [21] . It is observed that in diffusionless or polymorphic or cellular transforma tions, if n > 3, then the crystal nucleation occurs either at a constant rate or increasing rate. For n = 3, the nu cleation occurs only at the start of the transformation. The latter continues to the grain edges or boundaries when the magnitude of n reaches to < 3. On the other hand, the lower values of n(0.5 to 2.5) favour the diffu sion-controlled transformations in which the nucleation starts as an initial growth of particles in the form of plates or needles of finite size possessing impinged edges.
The values of n, calculated for HICP:OBA from (2) for different crystallization temperatures, vary between 0.15 and 0.86 ( Table 2 ). The low values may be as signed to the occurrence of diffusion-controlled trans formations involving the formation of finite size plates or needles [21] . A sudden decrease in the Avrami expo nent is observed at the crystallization temperature, 56°C. This supports the occurrence of nucleation growth that facilitates the thickening of plates at the mi cro level and promotes a delayed kinetics process. This observation is, however, inconsistent with the delayed crystallization time (t* = 32.0 minutes) at the same crys tallization temperature. The data also support the exis tence of a two-dimensional sporadic nucleation growth [21] .
The N ucleation G row th P ara m e ter b
The constant b, which governs the nucleation mech anism, is of the order of 10-1. Its trend is in good agreement with the reported data for NICP.nABA, DBA:ACP and BP:OBA [2, 4, 11] ,
Conclusion
The thermal and phase studies on the present series reveal in the inducement of tilted phases (Smectic-F, smectic-G) with simultaneous quenching of nematic (in lower homologue) and smectic-C (in middle members) phases, when compared to free-ABA. The induction of these tilted phases may best be interpreted in terms of possible molecular contributions originating from the intermolecular H-bonding between the electron rich hetero atom (nitrogen) and an acid group. Apart from this non-covalent interaction, the tendency of perma-nent transverse dipole (viz., chlorine) in delocalizing the electron cloud may also have a significant role towards the origin of the new phases. The detailed IR structural study confirm es the existence of hydrogen bonds between the pyridine ring nitrogen of HICP and the COOH group of ABA.
The kinetics studies performed on a representative com pound reveal an altogether different trend of crystal lization behaviour. A sudden growth of melting transi tion is observed after the completion of the final charac teristic tim e interval at each crystallization temperature. The effective role of the alkoxy chain length on the crys tallization rate is realized by a relatively slow crystalliza tion rate of HICP:OBA when compared to its reported analogous series. Moreover, the value of dimensionality param eter n varies for each crystallization temperature, which in turn suggests an independent nucleation mech anism. A possible explanation towards this crystalliza tion behavior can be accounted on the basis of sporadic
